MgAl-rich sapphirine granulites (bulk X Mg 0·71^0·75) occur as boudinaged layers in migmatitic garnet^orthopyroxene^cordieriteŝ pinel gneisses and migmatitic garnet^sillimanite metapelites in the vicinity of the c. 930^920 Ma Rogaland anorthosite^mangeriteĉ harnockite complex, SW Norway. Investigation of the mineral reaction history of the sapphirine granulites and the surrounding paragneisses, combined with geothermobarometric calculations and constraints from pseudosections calculated in the Na 2 O^CaOK 2 O^FeO^MgO^Al 2 O 3^S iO 2^H2 O^TiO 2 (NCKFMASHT) system, indicates a clockwise P^T path that reached peakmetamorphic ultrahigh-temperature (UHT) conditions of c. 10008C at c. 7·5 kbar by prograde heating. UHT peak metamorphism is followed by near-isothermal (ultra)high-temperature decompression to P55·5 kbar at 900^10008C and subsequent near-isobaric cooling to 5750^8008C at c. 5 kbar. In situ U^Pb laser ablation inductively coupled plasma mass spectrometry dating of metamorphic zircon within the sapphirine granulites yields concordant ages of 1010 AE 7 Ma and 1006 AE 4 Ma for zircon presumably formed during prograde breakdown of garnet at T4850^9408C as estimated from Ti-in-zircon thermometry, suggesting that UHT metamorphism and the deduced clockwise P^T evolution is linked to regional Sveconorwegian metamorphism at c. 1010 Ma. Most of the metamorphic zircon surrounds largely resorbed inherited oscillatory zoned zircon cores ( 207 Pb/ 206 Pb apparent ages 1220^1841 Ma), testifying to the sedimentary origin of the sapphirine granulites. Epitactic growth of xenotime on metamorphic zircon at 933 AE 5 Ma is suggested to be related to crystallization of anatectic melt during post-decompressional cooling. The clockwise P^T path culminating at mid-crustal UHTconditions at c. 1010 Ma followed by (U)HT decompression is interpreted to result from collisional tectonics during the early stages of the Sveconorwegian Orogeny, followed by gravitational collapse of the mountain plateau.
MgAl-rich sapphirine granulites (bulk X Mg 0·71^0·75) occur as boudinaged layers in migmatitic garnet^orthopyroxene^cordieriteŝ pinel gneisses and migmatitic garnet^sillimanite metapelites in the vicinity of the c. 930^920 Ma Rogaland anorthosite^mangeriteĉ harnockite complex, SW Norway. Investigation of the mineral reaction history of the sapphirine granulites and the surrounding paragneisses, combined with geothermobarometric calculations and constraints from pseudosections calculated in the Na 2 O^CaOK 2 O^FeO^MgO^Al 2 O 3^S iO 2^H2 O^TiO 2 (NCKFMASHT) system, indicates a clockwise P^T path that reached peakmetamorphic ultrahigh-temperature (UHT) conditions of c. 10008C at c. 7·5 kbar by prograde heating. UHT peak metamorphism is followed by near-isothermal (ultra)high-temperature decompression to P55·5 kbar at 900^10008C and subsequent near-isobaric cooling to 5750^8008C at c. 5 kbar. In situ U^Pb laser ablation inductively coupled plasma mass spectrometry dating of metamorphic zircon within the sapphirine granulites yields concordant ages of 1010 AE 7 Ma and 1006 AE 4 Ma for zircon presumably formed during prograde breakdown of garnet at T4850^9408C as estimated from Ti-in-zircon thermometry, suggesting that UHT metamorphism and the deduced clockwise P^T evolution is linked to regional Sveconorwegian metamorphism at c. 1010 Ma. Most of the metamorphic zircon surrounds largely resorbed inherited oscillatory zoned zircon cores ( 207 Pb/ 206 Pb apparent ages 1220^1841 Ma), testifying to the sedimentary origin of the sapphirine granulites. Epitactic growth of xenotime on metamorphic zircon at 933 AE 5 Ma is suggested to be related to crystallization of anatectic melt during post-decompressional cooling. The clockwise P^T path culminating at mid-crustal UHTconditions at c. 1010 Ma followed by (U)HT decompression is interpreted to result from collisional tectonics during the early stages of the Sveconorwegian Orogeny, followed by gravitational collapse of the mountain plateau.
I N T RO D UC T I O N
Rocks of highly magnesian and aluminous bulk composition are highly sensitive to P^Tchanges and often preserve well-developed reaction textures that provide information about P^T conditions. Such MgAl-granulites are increasingly being used to elucidate the P^T paths of granulitefacies terranes (e.g. Bertrand et al., 1992; Harley, 1998; Kriegsman & Schumacher, 1999; Baba, 2003; Martignole & Martelat, 2003; Goncalves et al., 2004; Sajeev et al., 2004; Brandt et al., 2007 Brandt et al., , 2011 .
We report new petrological and geochronological data for sapphirine-bearing MgAl-granulites from Rogaland (SW Norway). The sapphirine granulites of Rogaland occur as boudinaged lenses in migmatitic metasedimentary gneisses (Grt^Opx^Crd^Spl gneisses and Grt^Sil metapelites; mineral abbreviations after Kretz, 1983) enclosed by migmatitic charnockite. They are exposed in the vicinity of the 930^920 Ma anorthosite^mangeriteĉ harnockite (AMC) plutonic suite of Rogaland, SW Norway, some 8 km from the actual contact. This region is affected by ultrahigh-temperature (UHT) granulite-facies metamorphism and an interference exists between regional Sveconorwegian metamorphism (M 1 between c. 1035 and 970 Ma) and contact metamorphism related to intrusion of the anorthosite plutons (M 2 between 930 and 920 Ma; Tobi et al., 1985) . Considering alignment of part of the sapphirine crystals, Jansen & Tobi (reported by Maijer & Padget,1987) inferred that their formation might be related to the regional metamorphism. Detailed petrological and geochronological investigations are, however, thus far lacking for these rocks.
In this study, we combine petrographic investigations of reaction textures, mineral chemistry, bulk geochemistry and geothermobarometric data with calculated P^T pseudosections of sapphirine granulites and the surrounding migmatitic Grt^Opx^Crd^Spl paragneisses and Grt^Sil metapelites to constrain both their peak-metamorphic conditions and retrograde P^Tevolution. In situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) dating of zircon and xenotime in thin sections of the sapphirine granulites links their metamorphic evolution to the main metamorphic events reported from the Rogaland area; that is, regional Sveconorwegian metamorphism (M 1 ) versus contact metamorphism related to intrusion of the Rogaland Complex during the post-collisional stage of the Sveconorwegian Orogeny (M 2 ). Results are discussed in a regional context, especially considering the close spatial association of the UHTgranulites with the anorthositic^noritic Rogaland Complex. Our results place new constraints on the tectonothermal evolution of the Rogaland Sector during Late Proterozoic crust-forming processes and on the generation of contact metamorphic envelopes surrounding large Proterozoic anorthosite massifs.
G E O L O G I C A L S E T T I N G
The study area forms part of the Sveconorwegian Rogaland^Vest Agder terrane of southwestern Norway. The high-grade metamorphic basement exposed in this part of the Baltic Shield mainly comprises large bodies of migmatitic charnockites and charnockitic gneisses. At their margins, the large charnockitic plutons are interlayered with mafic to ultramafic, and metasedimentary lenses (Fig. 1) . The latter are mainly composed of migmatitic metagreywackes and metapelites referred to as 'garnetiferous migmatites ' (Huijsman et al., 1981) , as well as subordinate quartzites, calcsilicates, and marbles of the so-called 'Faurefjell formation' (Hermans et al., 1975) . Deposition ages of c. 1·5 Ga have been suggested for these rocks (e.g. Verschure, 1985) . The whole area underwent high-grade regional metamorphism during the Sveconorwegian Orogeny (M 1 ) at c. 1035^970 Ma (U^Pb monazite: Bingen & van Breemen, 1998; Bingen et al., 2008a ; U^Pb zircon: Wielens et al., 1981; Mo« ller et al., 2002 Mo« ller et al., , 2003 Tomkins et al., 2005 ; Re^Os molybdenite: Bingen & Stein, 2003; Bingen et al., 2006 Bingen et al., , 2008b  Table 1 ). This metamorphic event was associated with strong deformation of the rocks and is suggested to record crustal thickening of the Rogaland^Vest Agder terrane (Bingen et al., 2008c) . Corresponding amphibolite-facies peak-metamorphic conditions of 600^7008C and 6^8 kbar, increasing from NE to SW (Tobi et al., 1985) , have been calculated for garnet-bearing migmatites Tobi et al., 1985; Tomkins et al., 2005) . Zircon included in cordierite coronas formed by garnet breakdown of metasediments of the Oltedal area ( Fig. 1) , near the orthopyroxene isograd, dates regional decompression following the M 1 event at 955 AE 8 Ma (Tomkins et al., 2005) .
The high-grade metamorphic basement was subsequently intruded by the Rogaland Complex (Fig. 1) , a 1200 km 2 anorthosite^mangerite^charnockite suite at 930^920 Ma (Scha« rer et al., 1996) , presumably during postorogenic exhumation of the Rogaland^Vest Agder terrane (Versteeve, 1975) . The Rogaland Complex comprises three main massif-type anorthosite bodies that are themselves intruded by the layered mafic series of the Bjerkreim^Sokndal lopolith, comprising anorthosite, norite, gabbronorite, mangerite, and charnockite layers (Michot, 1960) . Thermal ionization mass spectrometry (TIMS) U^Pb-dating of zircon and baddeleyite inclusions in orthopyroxene megacrysts in the anorthosites has yielded ages of 931^926 Ma (Scha« rer et al., 1996) . The end of the igneous activity is dated at 920 AE 3 Ma by zircon from ilmenite-rich norite from Tellness (Scha« rer et al., 1996) . Low pressures of c. 4 kbar are postulated for the emplacement depth of the Rogaland Complex based on barometric estimates for garnet^orthopyroxenep lagioclase^sillimanite equilibria in osumilite-bearing gneisses Westphal, 1998; Westphal et al., 2003) in the surrounding metamorphic basement and experiments on the stability of osumilite in metapelites (i.e. 5·5 AE 0·2 kbar for the stability of an osumiliteĝ arnet^orthopyroxene assemblage at 800^8508C; Holland et al., 1996) . Melting experiments on jotunite from the late-stage Bjerkreim^Sokndal layered intrusion support these relatively low M 2 pressures of 55 kbar (Vander Auwera & Longhi, 1994) .
The intrusion of the Rogaland Complex is suggested to be responsible for a multi-stage contact-metamorphic overprint of the surrounding basement, comprising an early, high-temperature to UHT granulite-facies stage (M 2 ; 49008C, c. 5 kbar), followed by a retrograde amphibolite-facies overprint (M 3 ; 550^7008C, 3^5 kbar) attributed to isobaric cooling of the intrusive bodies (Hermans et al., 1975; Maijer et al., 1981; Maijer, 1987) . According to Jansen et al. (1985) and Maijer (1987) , the contact-thermal M 2 metamorphism was a very intense event, erasing most of the regional metamorphic M 1 parageneses during static recrystallization, with undeformed, high-grade contact-metamorphic M 2 assemblages being preserved in a 10^30 km wide aureole around the Rogaland Complex. More recently, Bingen et al. (2006) were able to show that the post-collisional anorthosite plutonism is associated with significant ductile deformation in the surrounding basement at least 10 km away from the plutons.
Following Jansen et al. (1985) and Maijer (1987) , contactmetamorphism is reflected by several mineral isograds; that is (with increasing distance from the contact): (1) the (inverted) pigeonite-in isograd in metabasites c. 5 km from the contact; (2) the osumilite-in isograd in metapelites c. 10^13 km from the intrusive contact; (3) the orthopyroxene-in isograd in leucocratic ortho-and paragneisses, c. 20 km from the contact; (4) the clinopyroxene-in isograd in granitic gneisses further east (Fig. 1) . Whereas the first two isograds wrap around the western lobe of the Rogaland Complex, the last two run subparallel to the southeastern igneous contact, but diverge from it in the north. According to Jansen et al. (1985) and Westphal et al. (2003) contact-metamorphic temperatures during the M 2 event decrease from 9008C close to the contact, judging from the occurrence of pigeonite (now inverted) and estimates for the osumilite-bearing assemblage, to c. 7508C at 15 km distance from the igneous complex at the orthopyroxene isograd. In contrast to the pigeonite-in and osumilite-in isograds, for which a genetic relation with the emplacement of the Rogaland Complex is generally accepted, the origin of the Opx-in and Cpx-isograds is still debated. They are either discussed in terms of the anorthosite emplacement (M 2 ; Tobi et al., 1985; Maijer, 1987; Westphal et al., 2003) or suggested to represent transitions in the regional metamorphic grade during the Sveconorwegian Orogeny (M 1 ; e.g. Bingen & van Breemen, 1998; Bingen et al., 2008a) . Fig. 1 . Geology of the Rogaland^Vest Agder metamorphic terrane, modified after Falkum (1982) . Isograds after Tobi et al. (1985) . Location of study area (Fig. 2) is indicated by the rectangle. Igneous (pre-to syn-M 1 ) Pasteels & Michot (1975) Granitic gneiss U-Pb zircon c. 1486
F I E L D R E L AT I O N S O F T H E V I K E S DA L E N A R E A
The occurrence of sapphirine-bearing rocks in the vicinity of the Rogaland Complex was first decribed by Hermans et al. (1976) . The exposure is situated c. 7 km north of the intrusive contact with the anorthosite massif adjacent to the osumilite-in isograd and north of VikesÔ (Fig. 1) . The area is dominated by banded to massive, partially garnetbearing, migmatitic charnockite, interlayered with migmatitic metasedimentary units and metabasites. Metasediments mainly comprise Grt^Opx^Crd^Spl gneisses intercalated with subordinate metapelites (Fig. 2) . Garnetrich granite forms single, concordant layers, which we interpret as leucosomes of the metasedimentary units. The sapphirine granulites are exposed as concordant, discontinuous and folded layers within the Grt^Opx^CrdŜ pl-gneisses ( Fig. 3a^c ). They form either sharply bounded, decimetre-to metre-thick boudins (Fig. 3a) or diffuse schlieren (Fig. 3b) , which grade into the surrounding gneisses. Prismatic sapphirine crystals of up to 2 cm in length display a weak alignment, oriented subparallel to the regional foliation (Fig. 3c) . The surrounding strongly migmatitic Grt^Opx^Crd^Spl gneisses are banded on a centimetre to metre scale and display a foliation that was subsequently folded (Fig. 3d) . Leucosomes form irregular patches or concordant layers, mainly composed of quartz, alkali feldspar, plagioclase and garnet. Restitic domains are rich in orthopyroxene, spinel, plagioclase and garnet, the last of which forms large crystals of up to 5 cm in diameter largely replaced by symplectitic orthopyroxene, spinel, cordierite, and plagioclase (Fig. 3d) . Rare migmatitic Grt^Sil metapelites form narrow, concordant layers in the Grt^Opx^Crd^Spl gneisses and contain broad concordant garnet-rich leucosomes of granitic composition.
A NA LY T I C A L M E T H O D S
Major and trace element contents of bulk-rock samples were analysed with a PHILIPS PW 1404 wavelengthdispersive X-ray fluorescence (XRF) spectrometer at the Institute of Applied Geosciences, Technical University Berlin, Germany, using fused glass discs.
Electron microprobe (EMP) analyses of minerals were performed on a Cameca Camebax instrument at the Zentraleinrichtung fu« r Elektronenmikroskopie (ZELMI), Technical University Berlin, Germany. Natural and synthetic standards were used for instrument calibration. Mineral analyses were performed with an accelerating voltage of 15 kV, a beam current of 20 nA and an electron beam of 2·5 mm in diameter. Exsolved feldspar was additionally analysed with a defocused beam of 20 mm in diameter. EMP profiles across minerals were analysed using a Cameca SX100 instrument at the GeoForschungsZentrum (Helmholtz Centre) Potsdam, Germany. Analyses were performed with an accelerating voltage of 15 kV, a beam current of 20 nA and a beam diameter of 2 mm.
In situ trace element analyses of the major phases in both the sapphirine granulites and the surrounding gneisses were performed on polished $100 mm thick sections by LA-ICP-MS at the Institute for Geodynamics and Geomaterials, University of Wu« rzburg, Germany.
A Merchantek 266 LUV laser coupled with an Agilent 7500i ICP-MS device was used [plasma power 1250W, carrier gas (Ar) 1·28 l min^1, plasma gas (Ar) 14·9 l min^1, auxiliary gas (Ar) 0·9 l min^1]. The diameter of the laser beam was 50 mm and the laser repetition rate was 10 Hz for all analyses. We measured background and sample at 20 s each. Si in silicates and Mn in ilmenite and magnetite were used as internal standards. The glass reference materials NIST 612 [values given by Pearce et al. (1997) ] and NIST 614 [values given by Horn et al. (1997) ] were used for external instrument calibration and for control of the results. Data processing was conducted using GLITTER 3.0 software (On-line Interactive Data Reduction for the LA-ICP-MS, Macquarie Research Ltd., 2000). The precision is approximately AE7% for element concentrations 410 ppm, AE10% for concentrations 45 ppm, AE15% for concentrations 41ppm and AE20% for concentrations 51ppm. The minimum detection limits were in the range of 0·02^0·5 ppm. For the in situ U^Pb LA-ICP-MS analyses, two selected sapphirine granulite samples were prepared as polished thick sections (c. 80^100 mm thick). The internal structures of zircon and xenotime were characterized via backscattered electron (BSE) images on a high-resolution scanning electron microscope at ZELMI, Technical University Berlin, Germany, and under cathodoluminescence (CL) using a JEOL JSM-6400 electron microprobe at the Goethe-University Frankfurt (GUF). U^Pb analyses were carried out by LA-ICP-MS at GUF using a ThermoFinnigan Element II sector field ICP-MS system coupled to a New Wave UP213 ultraviolet laser with a teardrop low-volume cell following the method described by Gerdes & Zeh (2006 ) and Frei & Gerdes (2009 . The laser was fired with 5 Hz repetition rate and an energy density of about 3 J cm^2 over 18 s of ablation. The spot size was adjusted to the grain size and varied between 8 and 20 mm for zircon and between 8 and 18 mm for xenotime. The estimated depth penetration was about 10^20 mm. Signal was tuned for maximum sensitivity while keeping the oxide formation rate below 0·2% (UO/U). All data were corrected for common-Pb based on the background and interference-corrected 204 Pb signal (daily 204 Hg ¼170 AE 20 c.p.s) and a model Pb composition (Stacey & Kramers, 1975) . Within-run Pb/U fractionation was corrected for each analysis using a linear regression through all ratios. Subsequently instrumental mass bias and drift were corrected by normalization to reference zircon GJ-1. Previous studies at GUF have shown that LA-ICP-MS with non-matrix matched standardization can yield precise and accurate results (e.g. Meier et al., 2006; Dill et al., 2007; Millonig et al., 2008) . Reported uncertainties (AE2s) were propagated by quadratic addition of the external reproducibility (SD, standard deviation) of the GJ-1 reference standard (1·3% for 206 Pb/ 238 U; n ¼19) of the day and the within-run statistics of each analysis (2 SE, standard error). Accuracy and precision of the non-matrix matched standardization was checked by repeated analyses (n ¼ 5) of Moacir monazite and Ples› ocive zircon. Moacir analyses yielded a weighted mean 207 Pb/ 235 U age of 502·4 AE 5·5 Ma (MSWD ¼ 0·7; SD ¼ 2·2%) and Ples› ocive analyses a concordia age of 336·4 AE 2·8 Ma (MSWD ¼1·5). This is in perfect agreement with recent isotope dilution (ID)-TIMS analyses of these reference minerals (i.e. 511·2 AE 0·4 Ma and 337·13 AE 0·37, respectively; Slama et al., 2008; Gasquet et al., 2010) .
R E S U LT S Petrography Sapphirine granulites
The sapphirine granulites preserve peak-metamorphic assemblages of coarse porphyroblastic sapphirine (15^25 vol. %) and orthopyroxene (15^20 vol. %) that are set in a fine-grained matrix of alkali feldspar (10^15 vol. %), plagioclase (10^15 vol. %) and biotite (15^25 vol. %; Fig. 4a ) and are partly replaced by fine-grained spinel^cordierite(^biotite) intergrowths (21^28 vol. %). The minerals mostly display a homogeneous distribution with a weak foliation being defined by slightly aligned sapphirine and biotite (Fig. 4a) .
Sapphirine forms subhedral prismatic crystals (mostly 1mm to 2 cm in length) with a strong colourless to lavender blue pleochroism (Fig. 4b ). They preserve rare inclusions of biotite. Porphyroblastic, subhedral orthopyroxene (mostly 1mm to 1·5 cm in diameter) with fine-grained, exsolved ilmenite platelets, displays strong greenish to brownish pleochroism (Fig. 4b ) and also contains rare biotite inclusions. Granoblastic alkali feldspar and plagioclase of the equigranular, fine-grained matrix (grain sizes of 0·2^0·5 mm) are generally anhedral and display strong microperthitic and antiperthitic exsolution, respectively, indicating their formation at high temperatures. Along the albite exsolution lamellae, alkali feldspar is strongly sericitized, whereas plagioclase displays only minor alteration.
Commonly, porphyroblastic sapphirine is replaced by a fine-grained symplectite composed of cordierite and green spinel (Fig. 4a , b and d) whereby its original shape is preserved. A granoblastic cordierite^spinel reaction rim, on the other hand, occurs between porphyroblastic sapphirine and orthopyroxene ( Fig. 4b and c) . Sapphirine (including the pseudomorphous cordierite^spinel symplectites) is subsequently mantled by an almost monomineralic rim of granoblastic spinel, followed by cordierite towards the neighbouring orthopyroxene (Fig. 4b) . Spinel of both reaction textures displays exsolution of magnetite and platy reddish brown ilmenite. In places, spinel also contains exsolved corundum. Brownish biotite mainly replaces cordierite of the cordierite^spinel intergrowths ( Fig. 4b^d ) but also occurs as corona around porphyroblastic orthopyroxene. In addition, biotite is an abundant replacement product of matrix alkali feldspar.
Accessory phases include zircon, xenotime, magnetite, and ilmenite. Subhedral zircon (50^100 mm in diameter) occurs in the feldspar^biotite matrix, as inclusions in sapphirine and orthopyroxene and as inclusions in cordierite within the cordierite^spinel reaction textures (Fig. 4d) .
Migmatitic Grt^Sil metapelites
Migmatitic metapelites are made up of greyish^bluish layers rich in garnet (up to 10 vol. %), cordierite (8^30 vol. %), sillimanite (up to 5 vol. %), and spinel (up to 10 vol. %); they contain minor plagioclase, quartz, ilmenite, sulphides, and alkali feldspar, as well as accessory zircon, alternating with felsic leucosomes mainly consisting of medium-grained, granoblastic quartz, plagioclase and minor microperthitic orthoclase, as well as accessory spinel.
Anhedral, medium-grained garnet 1^3 mm in diameter within the melanocratic layers contains abundant inclusions of sillimanite, quartz and minor biotite (Fig. 5a ). Garnet is associated with anhedral, porphyroblastic spinel and ilmenite (both 1^2 mm in diameter) and porphyroblastic quartz (0·5^3 mm in diameter; Fig. 5a ). Porphyroblastic spinel and quartz occur in direct contact or are separated from each other by retrograde coronas (Fig. 5b,  d and e; see below). Spinel preserves inclusions of sillimanite and quartz whereas porphyroblastic quartz encloses sillimanite, biotite and spinel (Fig. 5b) . Matrix sillimanite occurs as euhedral, fine-grained prisms of up to 0·2 mm in length that are associated with garnet-rich, foliationparallel stringers (Fig. 5a ). Minor plagioclase, alkali feldspar and quartz in the matrix form anhedral, granoblastic grains 0·1^0·2 mm in diameter.
Garnet is separated from prismatic sillimanite and/or quartz by narrow plagioclase coronas, which are followed by broad cordierite moats ( Fig. 5a and c) . Porphyroblastic spinel and quartz are locally separated by a fine-grained intergrowth of quartz and hercynitic spinel (Fig. 5a ). More often porphyroblastic spinel is separated from porphyroblastic quartz by a broad moat of cordierite ( Fig. 5d and e). Locally, this cordierite forms symplectites with quartz ( Fig. 5d and e) , which occasionally contain K-feldspar. A second generation of fine-grained (50·1mm) garnet forms a corona around porphyroblastic spinel (Fig. 5a , b, e and f). Coronitic garnet also forms rims around sulfides, ilmenite (Fig. 5e) and spinel of the spinel^quartz intergrowths (Fig. 5a ). Locally, coronitic garnet replaces cordierite of the cordierite^quartz symplectites around spinel, as evident from vermicular quartz, which is preserved as inclusions in the newly formed garnet (Fig. 5e and f) . Rarely cordierite is partly The porphyroblastic assemblage of spinel, quartz, and garnet, intergrown with sillimanite, constitutes the melanocratic layers of the migmatitic Grt^Sil metapelite. Garnet is surrounded by a broad cordierite rim. A spinel^quartz intergrowth occurs between porphyroblastic spinel and quartz. Spinel of the intergrowth is surrounded by a narrow garnet corona. (b) Porphyroblastic spinel is in direct contact with quartz, which also occurs as an inclusion in spinel. Quartz preserves a small biotite inclusion. Coronas of garnet and cordierite locally separate porphyroblastic spinel and quartz. (c) A narrow plagioclase rim followed by a broad cordierite corona separates porphyroblastic garnet from sillimanite. (d) Porphyroblastic quartz and spinel are separated by a broad cordierite corona, which also occurs around sillimanite and ilmenite. Locally, cordierite forms a symplectitic intergrowth with quartz. Spinel is partly replaced by corundum, retrogressed to Al-hydroxides. (e) Spinel and ilmenite are surrounded by a cordierite^quartz symplectite, partly overgrown by garnet, with the vermicular quartz being preserved as inclusions in the newly formed garnet. (f) Biotite formed at the expense of cordierite and porphyroblastic spinel is rimmed by a garnet corona. In addition, biotite overgrows the margins of the garnet (upper left).
replaced by biotite, which, in turn, is surrounded by a rim of garnet, comprising abundant quartz inclusions (Fig. 5f ). Locally, euhedral garnet, which forms around spinel, coexists with biotite^quartz intergrowths that have grown along cordierite margins.
Migmatitic Grt^Opx^Crd^Spl gneisses
The Grt^Opx^Crd^Spl gneisses are inhomogeneous in texture and mainly comprise equigranular, mediumgrained leucocratic zones composed of alkali feldspar (30^50 vol. %), plagioclase (30^50 vol. %), and quartz (10^20 vol. %), together with minor biotite (0^10 vol. %), orthopyroxene (0^5 vol. %), spinel (0^5 vol. %), and accessory cordierite, zircon, and ilmenite (Fig. 6a) . Mafic schlieren of up to 10 cm in width and up to several metres in length are irregularly distributed in the outcrops, but may also alternate with quartz^feldspar-rich zones on a thin-section scale defining a compositional layering (Fig. 6a ). These melanocratic zones are mainly composed of relics of porphyroblastic orthopyroxene and garnet, the latter of which is largely replaced by complex intergrowths of orthopyroxene (50^70 vol. %), hercynite spinel/magnetite (10^20 vol. %), plagioclase ($10 vol. %) biotite (5^10 vol. %), cordierite (5^15 vol. %), and minor alkali feldspar (5 10 vol. %; Fig. 6a^d ). Garnet forms coarse porphyroblastic grains of up to 6 cm in diameter, locally associated with porphyroblastic orthopyroxene (1^3 cm in diameter) intergrown with finegrained, greenish spinel (1^2 mm in diameter; Fig. 6a , b and e). The orthopyroxene porphyroblasts frequently display exsolution of greenish spinel ( Fig. 6c and e) . Porphyroblastic garnet and orthopyroxene are surrounded by a fine-to medium-grained (grain sizes of 0·1^1·2 mm), leucocratic matrix composed of anhedral, micro-to mesoperthitic alkali feldspar, subhedral, antiperthitic plagioclase, weakly aligned biotite, quartz, and minor fine-grained, anhedral ilmenite ( Fig. 6a and b) .
Porphyroblastic garnet (1^6 cm in diameter) is largely to completely replaced by a fine-grained intergrowth of medium-grained, anhedral, antiperthitic plagioclase, brownish, anhedral orthopyroxene with vermicular spinel exsolution, and isometric greenish spinel ( Fig. 6b and c) associated with magnetite. Plagioclase mainly occurs in direct contact with the garnet relicts, separating it from the replacing orthopyroxene (Fig. 6c) . Fine-grained anhedral cordierite, in places together with biotite, occurs as a narrow reaction rim between orthopyroxene and exsolved spinel in the Opx^Spl^Pl intergrowth replacing porphyroblastic garnet ( Fig. 6d and e) . Alkali feldspar and biotite are preserved only in the outermost zones of the pseudomorphs after garnet. Biotite also forms coronas around porphyroblastic orthopyroxene and garnet (Fig. 6e) . A second generation of garnet overgrows coronitic biotite as sub-to euhedral grains (Fig. 6f) . In addition, fine-grained secondary garnet of up to 0·1mm in diameter is intergrown with orthopyroxene, replacing orthopyroxene of the OpxŜ pl^Pl intergrowth as garnet^orthopyroxene symplectites, or forms monomineralic rims around spinel. 
Mineral chemistry

Garnet
Garnet formulae were calculated on a 24-oxygen basis. For the estimation of the Fe 3þ contents of garnet a calculation modus on the basis of 16 cations was chosen. End-member calculation followed the sequence andradite, grossular, almandine, spessartine and pyrope. Resorbed porphyroblastic garnet of the Grt^Opx^Crd^Spl gneisses is an almandine^pyrope solid solution with minor proportions of spessartine ( 10 mol %) and grossular ( 3 mol %) and an average composition of Prp 41 Alm 46 Sps 10 Grs 3 (X Mg 0·46^0·48; Table 2 ). Core^rim zoning is not developed (Fig. 7) . Rims of secondary garnet around spinel, late symplectitic garnet intergrown with orthopyroxene, and regrown euhedral garnet on biotite (average composition Prp 35 Alm 53 Sps 11 Grs 1 ; X Mg 0·38^0·40) are always less magnesian than porphyroblastic garnet (Fig. 7) .
Porphyroblastic garnet of the migmatitic metapelite is a Ca-and Mn-poor pyrope^almandine solid solution (Prp 38^35 Alm 58^61 Sps 1 Grs 2^0 ; X Mg 0·36^0·40; Table 2 ). The pyrope content slightly increases towards the rim (Fig. 7) . Secondary garnet (Prp 33^29 Alm 67^63 Sps 2 Grs 2 ; X Mg 0·300 ·34; Table 2 , Fig. 7 ) rimming spinel is also Ca-and Mn-poor but less magnesian than porphyroblastic garnet.
Orthopyroxene
Orthopyroxenes of the sapphirine granulite and Grt^OpxĈ rd^Spl gneiss show only minor differences in their compositions (Table 3 ; Fig. 7 ). Porphyroblastic orthopyroxene of the sapphirine granulites is characterized by higher X Mg values (0·69^0·75), when compared with porphyroblastic matrix orthopyroxene of the Grt^Opx^Crd^Spl gneisses (X Mg 0·63^0·67). The Al 2 O 3 contents of porphyroblastic orthopyroxene from the sapphirine granulite and the Grt^Opx^Crd^Spl gneiss, on the other hand, are similar (8·1^8·9 wt %), with the highest values being preserved in the cores of large grains. Orthopyroxene replacing porphyroblastic garnet in the Grt^Opx^Crd^Spl gneiss has similar X Mg (0·63^0·68) and Al 2 O 3 contents (7·3^9·3 wt %). Symplectitic orthopyroxene intergrown with late garnet is characterized by higher X Mg values (0·70^0·77) and the lowest Al 2 O 3 contents (5·5^6·3 wt %).
Regarding its trace element composition, orthopyroxene of the sapphirine granulite is characterized by high and rimward increasing Ti (860^2500 ppm) and Mn (12502 150 ppm), and minor contents of Sc (40^90 ppm), V (60^105 ppm), Y (10^80 ppm), and Zr (5^15 ppm).
Spinel
Spinel of the Spl^Crd symplectites replacing sapphirine in the sapphirine granulites is essentially a hercynite^spinel solid solution and always less magnesian (X Mg 0·48^0·56) than the coexisting cordierite and associated sapphirine ( Table 4 ). Contents of Fe 2 O 3 , as calculated from ideal stoichiometry, are low (3^6 wt %), and ZnO and Cr 2 O 3 contents are always 50·2 wt %. Regarding the trace elements, the spinel contains minor Ti (17^140 ppm), V (60^230 ppm), and Mn (290^1050 ppm), whereas the amounts of the REE, Y, and Zr (50·1ppm) are mostly below the detection limit.
Spinel intergrown with orthopyroxene in Opx^Spl^Pl symplectites replacing garnet in the Grt^Opx^Crd^Spl gneisses is also an unzoned hercynite^spinel solid solution, but significantly less magnesian (X Mg 0·33^0·43) than that of the sapphirine granulites. It contains only minor Cr 2 O 3 , NiO, and ZnO of 50·1wt % and shows low values of Fe 2 O 3 (3^5 wt %) and MnO (0·6^0·9 wt %). Magnetite exsolution lamellae of spinel have an almost pure end-member composition.
Green spinel intergrown with quartz, as well as the matrix spinel of the metapelites is an almost pure, unzoned, hercynite^spinel solid solution with negligible Cr 2 O 3 (50·4 wt %) and ZnO (50·3 wt %) contents and very low Fe 2 O 3 (1·4^2·0 wt %) as calculated from ideal stoichiometry. The X Mg of symplectitic spinel (X Mg 0·39^0·40) SiO 2 39·2 3 9 ·4 3 9 ·2 3 9 ·2 3 9 ·2 3 9 ·3 3 9 ·2 3 9 ·5 3 9 ·7 3 8 ·3 3 8 ·3
Sum 100 99·5 9 9 ·2 9 9 ·1 9 9 ·0 9 9 ·1 9 9 ·1 102 102 99·4 1 0 0
Cr 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00
porph., porphyroblastic.
JOURNAL OF PETROLOGY VOLUME 54 NUMBER 2 FEBRUARY 2013 resembles that of the resorbed porphyroblastic garnet (X Mg 0·36^0·40), whereas matrix spinel is less magnesian (X Mg 0·28^0·29; Table 4 ).
Sapphirine
Regarding its major element composition, the porphyroblastic sapphirine of the sapphirine granulites is unzoned and does not vary in composition between samples. With high X Mg values of 0·81^0·78, sapphirine is more magnesian than the coexisting orthopyroxene. All analyses are mixtures between the ideal 7:9:3 and 2:2:1 end-members (Fig. 8 ). Significant amounts of ferric iron (0·21^0·33 a.p.f.u.) are calculated from ideal stoichiometry (Table 5 ).
In terms of its trace element composition, sapphirine contains minor Ti (350^1450 ppm), Mn (500^900 ppm), Be (3^15 ppm), Sc (5^13 ppm), Y (1^13 ppm), and Zr (0·1^0·2 ppm), which strongly decrease towards the grain margins and cracks (especially Ti and Mn), whereas Li (30^110 ppm) increases in the same direction. Like orthopyroxene, sapphirine displays enrichment of the heavy REE (HREE)4Gd (Yb 1^4 ppm) with respect to the light REE (LREE), which are always below the detection limit.
Cordierite
Late cordierite separating orthopyroxene from spinel of the Grt^Opx^Crd^Spl gneiss is Mg-rich (X Mg 0·88^0·92). High totals of c. 100 wt % indicate the absence of H 2 O or CO 2 fluids in the structural channels.
Cordierite of the Crd^Spl reaction rims around sapphirine in the sapphirine granulite shows no systematic compositional variation depending on its textural position; that is, as granoblastic reaction product of sapphirine and orthopxyroxene or as a symplectitic phase formed during the breakdown of sapphirine alone (Table 6 ). With X Mg values of 0·86^0·88 cordierite is always more magnesian than both the associated spinel and sapphirine. It shows high totals of around 100 wt %, K 2 O contents at or below the detection limit and low Na 2 O contents (50·9 wt %). Regarding its major element composition, cordierite of the sapphirine granulites is unzoned. Minor concentric zoning is revealed by the trace elements Ti (15^3000 ppm), Mn (270^1100 ppm), V (0·5^340 ppm), Rb (3^100 ppm), SiO 2 48·7 4 9 ·4 4 8 ·7 4 9 ·9 4 9 ·8 5 0 ·0
K 2 O 0 ·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·00 Sum 99·8 9 9 ·9 100 101 101 101 100 101 100 100 102 102 100 102
Ti 0·01 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Cr 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00
Ca 0·02 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Na 0·01 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 K 0 ·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Sum 4·00 4·00 4·00 4·00 4·00 4·00 4·00 4·00 4·00 4·00 4·00 4·00 4·00 4·00
p.f.u., per formula unit; porph., porphyroblastic; smpl., symplectitic; repl., replacing.
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Be (4·5^12 ppm), Sc (0·5^4 ppm), and Nb (0·1^5 ppm), which decrease towards the margins of the larger cordierite grains forming the reaction rims between sapphirine and spinel. The amounts of Zr (50·1 to 0·5 ppm) and Y (50·1 to 8 ppm) are very low. Symplectitic cordierite grown exclusively at the expense of sapphirine is unzoned and has the lowest overall trace element contents. Cordierite separating garnet and sillimanite in the metapelite has the lowest Mg/Fe ratios in all the rock types investigated (X Mg 0·77^0·81; Table 6 ). According to high totals of up to 99·1wt %, cordierite contains only minor structurally bound H 2 O or CO 2 .
Feldspar
Alkali feldspar is a major constituent of the leucocratic matrix of both the sapphirine granulite and the Grt^Opx^Crd^Spl gneiss. The original composition of the microperthitic alkali feldspar of the Grt^Opx^Crd^Spl gneiss, composed of orthoclase (average Or 89 Ab 10 An 1 ) with plagioclase exsolution lamellae (average Or 2 Ab 75 
Sum 99·8 9 9 ·9 100 100 99·5 9 9 ·4 9 9 ·3 9 9 ·3 9 9 ·6 9 9 ·4 9 9 ·9 100
Si 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Ti 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00
Cr 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01
Ni 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Zn 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·01 Sum 3·00 3·00 3·00 3·00 3·00 3·00 3·00 3·00 3·00 3·00 3·00 3·00
intergr. w, intergrown with. Matrix andesine (Ab 67^70 ) of the sapphirine granulites shows minor orthoclase contents of 53·5 mol % and is more Ca-rich than the oligoclase (Ab 70^75 ; Or 52·5 mol %) of the Grt^Opx^Crd^Spl gneisses (Table 7 ; Fig. 9 ). The latter shows only minor compositional variations, which are unrelated to its textural position; that is, as matrix feldspar and as a replacement product of garnet, associated with orthopyroxene and spinel.
Matrix plagioclase (Ab 65^68 ) and coronitic plagioclase resorbing garnet (Ab 67^70 ) of the migmatitic metapelite are unzoned and characterized by low orthoclase contents of 51mol % (Table 7 ; Fig. 9 ).
Biotite
Biotite of the sapphirine granulite was observed in different textural positions. Biotite replacing cordierite of the Spl^Crd symplectites displays the highest X Mg of 0·77^0·83, whereas biotite replacing orthopyroxene and alkali feldspar (X Mg 0·73^0·79) is always less magnesian (Table 8 ). Biotite inclusions in the peak-metamorphic phases were too small to gain reliable results. High amounts of F (up to 1·9 wt %) and TiO 2 (4·3^6·0 wt %) in biotite from all textural settings suggest its growth at high temperatures.
The lowest X Mg values of 0·66^0·67 are recorded by matrix biotite and biotite of the Opx^Pl^Spl intergrowths replacing porphyroblastic garnet in the Grt^Opx^Crd^Spl gneisses, corresponding to lower values of F (up to 1·2 wt %) but similar, high TiO 2 contents (5·6^5·9 wt %). Biotite of single samples from both rock types is compositionally uniform and shows no significant chemical zoning.
Biotite inclusions in peak-metamorphic garnet of the migmatitic metapelite display X Mg values of 0·69^0·75 and variable but high TiO 2 contents (4·6^6·3 wt %; Table 8 ). Rare late biotite replacing garnet and cordierite shows similar X Mg values of 0·68^0·74 but trends to lower TiO 2 (3·7^5·1wt %).
Fe^Ti oxides
Matrix ilmenite in the sapphirine granulites is characterized by high hematite contents of up to 27 mol %, 
Sum 100 100 100 99·9 100 100 100 99·9 9 9 ·5 1 0 1
Cr 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00
Zn 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Ni 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00
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suggesting late re-equilibration during retrogression of the rocks. Magnetite is a common constituent of the leucocratic domains of the Grt^Opx^Crd^Spl gneisses, where it forms subhedral grains or exsolution lamellae in hercynitic spinel, displaying an almost pure end-member composition.
Whole-rock geochemistry
Sapphirine granulites and the hosting Grt^Opx^Crd^Spl gneisses and migmatitic Grt^Sil metapelites were analyzed for their bulk composition, using the rock chips left over from thin-section preparation. The sapphirine granulites are characterized by high MgO (10^12 wt %; X Mg 0·700^7 5) and Al 2 O 3 (23^25 wt %), whereas SiO 2 (45^50 wt %), Na 2 O, K 2 O and CaO are low (Fig. 10 , Table 10 ). The composition of the hosting Grt^Opx^Crd^Spl gneisses is more variable owing to their heterogeneous texture but always less magnesian (X Mg ¼ 0·51^0·69) and slightly less Al-rich (Al 2 O 3 21^22 wt %) than that of the sapphirine granulite (Table 10 ). 
TiO 2 0·00 0·00 0·00 0·00 0·02 0·05 0·00 0·02 0·05
Sum 100 100 99·8 9 9 ·3 1 0 0 9 9 ·8 9 9 ·7 9 7 ·7 9 9 ·1
K 0 ·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Ca 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00
Ti 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Cr 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Mn 0·00 0·00 0·00 0·00 0·00 0·01 0·00 0·00 0·01
intergr., intergrown; sep., separating. Relationships between the bulk composition and the observed mineral assemblages of the sapphirine granulites and the associated gneisses and metapelites are illustrated in a schematic Al 2 O 3^F eO^MgO (AFM) diagram projected from K-feldspar and plagioclase (Fig. 10) . The presence of peak-metamorphic Opx^Spr assemblages is in agreement with the high X Mg of the sapphirine granulites. In contrast, the hosting and less magnesian sapphirine-free gneisses preserve the peak-metamorphic assemblage of orthopyroxene^spinel^plagioclase, replacing early garnet, therefore plotting in the Opx^Spl stability field. The Fe^Al-rich migmatitic metapelite is situated in the stability field of Grt^Sil, consistent with the observed mineral assemblage.
P^T^X E VO L U T I O N Geothermobarometry
Geothermobarometric calculations were performed for the sapphirine granulites, the Grt^Opx^Crd^Spl gneisses and the migmatitic metapelites to constrain the peak and retrograde P^T conditions. Results and applied geothermobarometer calibrations are summarized in Table 11 .
Migmatitic Grt^Opx^Crd^Spl gneisses
The P^T conditions during the formation of the peakmetamorphic Grt^Opx^Pl^Qtz assemblage preserved in rare leucocratic domains of the Grt^Opx^Crd^Spl gneisses were calculated by combining analyses from porphyroblastic garnet cores (X Mg 0·48; X Grs 0·02) with SiO 2 62·8 6 3 ·3 6 2 ·8 64·5 64·4 6 2 ·4 6 2 ·6 6 1 ·3 6 1 ·2 6 0 ·9 6 2 ·4 6 5 ·7 6 5 ·3 6 1 ·3 6 1 ·1 6 0 ·8 6 0 ·8 6 0 ·5 60·0 MgO 0·01 0·00 0·04 0·00 0·01 0·00 0·00 0·00 0·02 0·00 0·00 0·00 0·00 0·11 0·00 0·10 0·00 0·26 0·00 
Mg 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·00 0·01 0·00 0·02 0·00 Al  1·16  1·16  1·15  1·01  1·02  1·24  1·23  1·28  1·28  1·28  1·24  1·02  1·03  1·31  1·31  1·31  1·32  1·31  1·31   K  0 ·40  0·38  0·41  0·88  0·87  0·02  0·02  0·02  0·02  0·03  0·02  0·76  0·80  0·05  0·02  0·03  0·01  0·01  0·01   Ca  0·16  0·16  0·15  0·01  0·01  0·25  0·24  0·28  0·29  0·28  0·24  0·02  0·02  0·26  0·28  0·27  0·32  0·31  0·31   Na  0·47  0·48  0·46  0·09  0·10  0·78  0·78  0·71  0·72  0·74  0·78  0·20  0·16  0·71  0·72  0·72  0·70  0·69  0·68   Fe  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·01  0·00  0·01  0·00  0·01  0·01 Ti 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Ba 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Sr 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00
BB, measured with broadened beam; Akfs, alkali feldspar; lam., lamellae.
JOURNAL OF PETROLOGY VOLUME 54 NUMBER 2 FEBRUARY 2013 those of unzoned porphyroblastic matrix orthopyroxene (X Mg 0·63; Al pfu /2 ¼ 0·195), and associated matrix plagioclase (An 27 ). Very high temperatures of 1000^10608C are calculated for a reference pressure of 7·5 kbar, using the Grt^Opx Fe^Mg exchange thermometer calibrations of Lee & Ganguly (1988) , Carswell & Harley (1990) and Bhattacharya et al. (1991) . Similar temperatures of c. 10008C are constrained with the Al-in-Opx thermometer of Aranovich & Berman (1997) , indicating that the porphyroblastic assemblage in leucocratic domains formed at UHTconditions of 1020 AE 308C. Uniform, high pressures of 7·5 AE1 kbar are calculated for a reference temperature of 10008C, using the Grt^Opx^Pl^Qtz barometer calibrations of Newton & Perkins (1982) , Powell & Holland (1988) and Bhattacharya et al (1991) , which are, within error, consistent with pressures estimated by Al-in-Opx barometry (i.e. 8·2 kbar, calibration of Harley & Green, 1982) . Feldspar thermometry of ternary matrix feldspar of the Grt^Opx^Crd^Spl gneisses, using the thermodynamic dataset of Elkins & Grove (1990) and the computer software SolvCalc by Wen & Nekvasil (1994) , yields high temperatures of 1060 AE708C (Fig. 9) for a reference pressure of 7 kbar and thus corroborates the extreme Grt^Opx temperatures. For the calculation of the P^T conditions during garnet replacement through Opx^Spl^Pl intergrowths in the melanocratic domains of the same samples, analyses from margins of 
9 4 ·7 9 6 ·0 9 6 ·6 9 6 ·5 95·7 9 4 ·1 9 6 ·6 9 7 ·2 9 7 ·3 9 6 ·6 9 5 ·9 9 4 ·4 0·17  0·11  0·11  0·13 0·14 0·07  0·09  0·11  0·16  0·09 0·04  0·06  0·12  0·12  0·12  0·15  0·00  0·04   Ti  0·66  0·70  0·69  0·68 0·68 0·58  0·55  0·51  0·45  0·57 0·69  0·62  0·49  0·51  0·67  0·64  0·69  0·42   Fe  1·55  1·62  1·62  1·62 1·60 1·19  1·12  1·03  0·89  1·08 1·27  1·34  1·05  1·00  1·10  1·22  1·50  1·41   Mn  0·02  0·02  0·01  0·02 0·02 0·00  0·00  0·00  0·00  0·00 0·00  0·00  0·01  0·00  0·00  0·01  0·01  0·00   Mg  3·19  3·14  3·18  3·14 3·15 3·84  3·92  4·15  4·32  3·95 3·61  3·66  4·17  4·12  3·71  3·63  3·32  3·86 Ba 0·00 0·00 0·00 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Ca 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·02 0·01 0·01 0·01 0·00 0·00
Cl 0·00 0·00 0·00 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·01 0·00 0·00 0·00 n.d. n.d. 0·67  0·66  0·66  0·66 0·66 0·76  0·78  0·80  0·83  0·79 0·74  0·73  0·80  0·81  0·77  0·75  0·69  0·73 n.d., not detected. resorbed garnet (X Mg 0·47; X Grs 0·03^0·02) are combined with those of the replacing, adjacent Al-rich orthopyroxene (X Mg 0·63; Al pfu /2 ¼ 0·20), and associated unzoned plagioclase (An 28 ). Pressures of 7·5 AE1 kbar are calculated using the Grt^Opx^Pl^Qtz barometer (calibrations as above), which are identical to the pressures calculated for the porphyroblastic assemblage but represent maximum values, as quartz is absent in the reaction texture. Remarkably, however, the Grt^Opx^Pl pressures are close to the Al-in-Opx pressures (i.e. 8·1 kbar, calibration of Harley & Green, 1982) . Corresponding temperatures, calculated from GrtÔ px Fe^Mg and Al-in-Opx thermometry (calibrations as above and for a reference pressure of 7·5 kbar) range between 980 and 10308C (1000 AE 308C), and hence are similar to those calculated for the peak-metamorphic Grt^Opx pairs of the leucocratic domains.
X Mg
Symplectitic late-stage garnet (X Mg 0·40^0·43) intergrown with low-Al-orthopyroxene (X Mg 0·67^0·68; Al pfu /2 up to 0·14), on the other hand, formed at lower P^T conditions of 760 AE 308C (both Grt^Opx Fe^Mg exchange and Al-in-Opx thermometry with calibrations as above) and 35 kbar (Al-in-Opx barometry of Harley & Green, 1982) .
Migmatitic Grt^Sil metapelites
Peak pressures experienced by the garnet^sillimanite-bearing migmatitic metapelite were estimated for plagioclase (An 31 ) and coexisting garnet (X Mg 0·38; Grs 0-2 ) from the Grt^Sil^Pl^Qz (GASP) equilibrium (calibrations of Newton & Haselton, 1981; Koziol & Newton, 1988; Powell & Holland, 1988 ) yielding a pressure of 7·5 AE 0·5 kbar (for a reference temperature of 10008C), which is in agreement with the pressure estimates for the associated Grt^Opx^Crd^Spl gneisses. Pressure calculations for the formation of coronitic plagioclase resorbing garnet through the GASP equilibrium have been performed by combining garnet rim compositions (X Mg 0·38; Grs 0-2 ) with coronitic plagioclase (An 30 ). The results (for a reference temperature of 10008C) are about 1 kbar lower (6·5 AE 0·7 kbar) than the peak pressures.
Sapphirine granulites
Peak temperatures of 1075 AE1108C were estimated from the Fe^Mg exchange thermometer of Kawasaki & Sato (2002) using the compositions of coexisting unzoned Fig. 9 . Compositions of alkali feldspar and plagioclase in the sapphirine granulites and Grt^Opx^Crd^Spl gneisses, plotted in the ternary feldspar diagram. Solvi at 7 kbar were calculated with the software SOLVCALC (Wen & Nekvasil, 1994) using the feldspar activity model of Elkins & Grove (1990) . 2013 porphyroblastic Al-rich orthopyroxene (X Mg 0·69^0·75; Al pfu /2 up to 0·20) and coexisting sapphirine (X Mg 0·810 ·78). Similar extreme temperatures of 1090 AE 508C8C were estimated for a reference pressure of 7 kbar for the formation of ternary feldspar from feldspar solvus thermometry (Elkins & Grove, 1990 ; Fig. 9 ).
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P^T pseudosections
To constrain detailed P^T paths of the migmatitic metapelites, the sapphirine granulites, and hosting migmatitic Grt^Opx^Crd^Spl gneisses pseudosections were calculated in the NCKFMASHT system, using the To ensure a close correspondence between the observed mineral assemblages and the calculated pseudosections, sample compositions were determined on the rock chips left over from the thin-section preparation. The chemistry of the sapphirine granulites and the migmatitic Grt^Sil metapelites is adequately expressed in the system NCKFMASHT and that of the hosting, partly Ti-free Grt^Opx^Crd^Spl gneisses in the NCKFMASH system, as additional components (e.g. Zn, Cr in spinel) are present at only trace element level and will thus not significantly affect the topology of the pseudosections. Absence (in garnet and orthopyroxene) or low amounts (in sapphirine and spinel) of (calculated) Fe 3þ suggests reducing conditions of metamorphism. For the dry and weakly retrogressed Grt^Opx^Crd^Spl gneisses, water contents are directly taken from the determined LOI. Sapphirine granulites and migmatitic Grt^Sil metapelites, on the other hand, always show variably elevated water contents, owing to the formation of biotite during retrogression indicating post-peak H 2 O influx. As the present study focuses on the reconstruction of the peak-metamorphic conditions we have calculated the pseudosections for the least retrograded sapphirine granulite sample and the migmatitc Grt^Sil metapelite sample for a reduced water content. Based on a comparison with the water contents of the least retrogressed samples of the associated Grt^Opx-SplĈ rd granulites, containing 1mol % H, we performed calculations assuming a low water content of 1mol % H. These low H 2 O values are realistic for the formation of the 'dry' peak-metamorphic mineral assemblages of both the sapphirine granulite and the Grt^Sil metapelite and moreover in accordance with the generally assumed or determined low H 2 O content of such UHT rocks (e.g. Kelsey et al., 2004; Brandt et al., 2011) . As a consequence the retrograde segment of the P^T evolution inferred for these samples is only semi-quantitative. Temperatures constrained for the crystallization of the partial melt at the solidus and for the regrowth of biotite represent maximum and minimum values, respectively, as higher H 2 O contents would shift the solidus towards lower temperatures and would expand the biotite stability field towards higher temperatures. The studied samples are migmatites or restitic domains of migmatites that underwent significant melt and H 2 O loss and hence a dramatic change of the bulk-rock composition near or at peak-metamorphic conditions. Therefore, the prograde segment of the inferred P^T path, as inferred from mineral inclusions in the porphyroblastic minerals combined with calculated pseudosections, must be regarded as only semi-quantitative. To refine the estimation of the peak conditions we have calculated isopleths for the aluminium contents (calculated as X Mg-Tschermaks component ¼ Al pfu /2) of orthopyroxene, which is robust against post-peak Fe^Mg exchange, and the X Mg [calculated as molar 
Migmatitic Grt^Sil metapelite
The pseudosection for the Si-and Fe-rich migmatitic metapelite (bulk rock X Mg 0·36) is characterized by the stability of Grt^Sil assemblages (þ ilmenite, quartz, plagioclase and K-feldspar) over a very large P^T range (Fig. 11a ). Owing to the low H 2 O content used for the calculations the solidus is situated at high temperatures of 800^9108C. At subsolidus conditions, 58008C and pressures 45·5 kbar, Grt^Sil coexists with biotite. At temperatures above the solidus and pressures 46·5^7 kbar biotite is replaced by melt. At lower pressures Grt^Sil coexists with cordierite. Towards temperatures 41020^10508C Grt^Sil is progressively replaced by Spr^Qtz assemblages at pressures 46·5^7 kbar and by Spl^Qtz assemblages at pressures 56·5^7 kbar. A clockwise P^T path is constrained for the migmatitic Grt^Sil metapelite, based on the following criteria (Fig. 11a) .
(1) Prograde inclusions of biotite and sillimanite in coarse garnet and quartz indicate that the early mineral assemblage Grt^Bt^Sil^Kfs^Pl^Qtz^Ilm was partially consumed by melting reactions during prograde heating to T48008C (maximum temperature owing to prograde H 2 O and melt loss), thereby crossing the solidus at P47 kbar. (2) The absence of early cordierite suggests that the further evolution proceeded through the large trivariant field Grt^Sil^Kfs^Pl^Ilm^Qtz^melt at P46·5^7·2 kbar and T48008C. (3) The studied Grt^Sil metapelite displays the peakmetamorphic assemblage of Grt^Spl^Sil^Kfs^PlÎ lm^Qtz^melt, which is stable in a narrow divariant field at 6·6^7·2 kbar and 990^10408C. The upper temperature limit for the peak conditions is given by the absence of sapphirine, which is stable at T410208C. Based on the composition of porphyroblastic garnet (X Mg up to 0·40; X Grs 0·015^0·020) P^T conditions of 10008C and 6·6 kbar are estimated for the formation of the peak assemblage, broadly consistent with the Fig. 11 . P^T pseudosections for (a) the migmatitic metapelite, (b) the migmatitic Grt^Opx^Crd^Spl gneiss, and (c) the sapphirine granulite, contoured for the X Alpfu/2 of orthopyroxene (migmatitic Grt^Opx^Crd^Spl gneiss and sapphirine granulite) and the X Mg and X Grs of garnet (migmatitic Grt^Opx^Crd^Spl gneiss and metapelite). The bulk compositions are given as normalized mole proportions of the NCKFMASH(T) components. P^T paths are derived from mineral reaction textures and compositions. Deduced peak P^Tconditions overlap with results from the thermobarometric calculations (c. 10008C, 7·5 kbar; results of the GASP barometry and indicating slightly decreasing pressures during heating to UHT conditions. The formation of spinel^quartz intergrowths between porphyroblastic spinel and quartz probably occurred in the same stability field. (4) The growth of cordierite between spinel and quartz is consistent with entry into the divariant field GrtŜ pl^Sil^Kfs^Pl^Ilm^Qtz^melt through decompression still at UHTconditions. (5) Subsequent entry into the divariant field Grt^CrdŜ il^Kfs^Pl^Ilm^Qtz^melt through decompressionĉ ooling is evident from the growth of cordierite coronas between garnet, sillimanite and quartz, which was accompanied by the formation of plagioclase coronas around garnet that formed through the GASP equilibrium. (6) Regrowth of garnet (X Mg 0·30^0·35), which forms as coronas around ilmenite and spinel, thereby replacing post-peak cordierite, is not clearly evident from the pseudosection. However, calculated isopleths for the mode of garnet abundance have a positive slope in the trivariant Grt^Crd^Sil^Kfs^Pl^Ilm^Qtz field (not shown) and indicate garnet growth with decreasing temperature, suggesting that late garnet forms in response to post-decompressional near-isobaric cooling at sub-solidus conditions. (7) The limited growth of late biotite, which forms at the expense of retrograde cordierite, suggests cooling to T57008C. Biotite regrowth was accompanied by continued garnet regrowth, as indicated by garnet rims around late biotite, consistent with cooling. Biotite formation is most probably related to reaction with crystallizing melt. This is apparently inconsistent with the position of the solidus at 8008C. However, the high solidus temperature is an artefact of the lowered water content used for the pseudosection calculations. Applying the analysed water content of c. 11mol % H (taken from the LOI), representative for the retrograde evolution, the solidus is shifted to T57008C, consistent with inferred biotite formation through interaction with melt.
Migmatitic Grt^Opx^Crd^Spl gneisses
The calculated pseudosections for several samples of the Grt^Opx^Crd^Spl gneiss are rather similar and therefore are illustrated for only the least altered sample Ro-IV-05-07 (Fig. 11b) . Because sample Ro-IV-05-07 contains Ti below the detection limit, consistent with the absence of Ti phases, the pseudosection was calculated in the NCKFMASH system. The topology of the pseudosection is characterized by the large stability field of orthopyroxene and the absence of quartz over the whole investigated P^T range (700^11008C, 4^8 kbar). Quartz is present in the thin section, but only in rare leucocratic subdomains, which are not represented by the overall Si-poor bulk chemistry. Owing to the low H 2 O content and the high bulk X Mg , the solidus is located at high temperatures of 850^9508C. At sub-solidus conditions, orthopyroxene coexists with spinel^K-feldspar^plagioclase^biotite. Additional cordierite is stable at low pressures (5 c. 4·55
·5 kbar) and is replaced by garnet at higher pressures (4 c. 5^5·5 kbar). At elevated pressures 46·5 kbar garnet is progressively replaced with increasing temperature by orthopyroxene and spinel (þ feldspar, liquid), which are stable in a large pentavariant stability field. Garnet finally disappears at T 4900^10008C. Contours of X Mg indicate that garnet becomes less magnesian with deceasing P and T, whereas Al-in-Opx isopleths demonstrate that the amount of Al in orthopyroxene increases with temperature.
We have constrained a clockwise P^T path for the melanocratic domains of the Grt^Opx^Crd^Spl gneiss (bulk-rock X Mg 0·51), which is based on the following observations (Fig. 11b) .
(1) Biotite and spinel inclusions in porphyroblastic garnet and orthopyroxene, respectively, suggest an early stage subsolidus assemblage of Grt^Opx^Bt^Spl^Kfs^Pl, which is stable in a large trivariant field at P45·5 kbar and T58508C. Owing to prograde H 2 O and melt loss experienced by the Grt^Opx^Crd^Spl gneisses these temperatures must be regarded as maximum values. (2) During heating to T49008C biotite was completely consumed via melt-producing reactions. The resulting assemblage garnet^orthopyroxene^spinel^plagioclase coexisting with melt, representing the observed porphyroblastic assemblage of the melanocratic sample, is stable at P46·7 kbar and 910^9908C. (3) At higher temperatures garnet becomes unstable and the observed decomposition of porphyroblastic garnet (X Mg up to 0·47) to form orthopyroxeneŝ pinel^plagioclase intergrowths coexisting with melt is in agreement with continued heating to T4910^9908C and entry into the pentavariant OpxŜ pl^Fsp^Liq field. Based on the composition of orthopyroxene from the Opx^Spl^Pl domains (Al pfu /2 up to 0·20), combined with a peak pressure of 7·5 AE1 kbar, as calculated by barometry for the rare quartzbearing subdomains, UHT conditions of c. 9908C are constrained for the formation of the Opx^Spl^Pl intergrowths (Fig. 11b) , which are consistent with the maximum thermal stability of garnet at a pressure of 7·5 kbar in the pseudosection (c. 9608C) and are in good agreement with results of Grt^Opx thermometry for the garnet replacement (1000 AE 308C). (4) The occurrence of symplectitic alkali-feldspar and biotite in the outermost zones of the Opx^Pl^Spl pseudomorphs after garnet testifies to mineral^melt reactions during cooling into the trivariant OpxŜ pl^Bt^Kfs^Pl^Liq field at T58758C. (5) The reappearance of biotite is locally accompanied by the growth of cordierite as a narrow reaction rim between orthopyroxene and spinel. Cordierite formation, plus continued biotite growth, is consistent with entry into the trivariant Opx^Spl^Crd^Bt^Kfs^Pl field, which occurs at subsolidus conditions and low pressures of 55·5 kbar. Hence cordierite formation proves marked decompression of the order of c. 2 kbar from peak pressures at still high temperatures of c. 800^8508C (Fig. 11b) . (6) The formation of euhedral garnet (X Mg 0·39^0·40;
X Grs 0·02) in association with Al-poor orthopyroxene (X Mg 0·67^0·68; Al pfu/2 up to 0·14) overgrowing both the Opx^Spl^Pl symplectites and Al-rich porphyroblastic orthopyroxene is consistent with re-entry into the Grt^Opx^Bt^Spl^Kfs^Pl trivariant field through continued cooling to 800^7508C at a pressure of c. 5·5^5 kbar (Fig. 11b) , broadly in agreement with the thermobarometric data for this stage (760 AE 308C, 3^5 kbar). Regrowth of euhedral garnet formed at the expense of late biotite also indicates cooling.
Sapphirine granulites
The topology of all pseudosections for the sapphirine granulites is rather similar and therefore is illustrated for only sample Ro-05-16 (Fig. 11c ). Orthopyroxene is stable over the entire P^T window (700^11008C, 4^8 kbar). The solidus is situated at a high temperature of 9008C. At subsolidus conditions orthopyroxene coexists with biotite (plus other phases). Coexisting sapphirine and orthopyroxene are stable at temperatures both above and below the solidus. The following P^T path was established for the sapphirine granulites based on the observed mineral reaction sequence (Fig. 11c) .
(1) Biotite inclusions in orthopyroxene and sapphirine indicate initial temperature conditions 59008C. The lack of spinel, corundum, garnet or cordierite inclusions, which are stable together with biotite at subsolidus conditions in various assemblages, might be explained by either their complete consumption during the melting reaction or by a different, less aluminous bulk composition prior to partial melting. (2) During heating biotite was consumed through orthopyroxene-and sapphirine-producing melt reactions, which initiate at temperatures 49008C. The inferred highest-grade assemblage Spr^Opx^Pl^Kfs^melt is stable together with ilmenite and rutile in a large stability field at UHT conditions of 900^9908C and P46 kbar and is limited towards higher temperatures by the incoming of spinel coexisting with sapphirine. Based on the composition of Al-rich porphyroblastic orthopyroxene (Al pfu /2 up to 0·20) coexisting with sapphirine, peak-metamorphic P^T conditions of 950^10008C at 7^8 kbar are constrained from the Al-in-Opx isopleths, which are slightly lower than the thermometric data for the sample (Opx^Spr thermometry and Fsp thermometry: c. 1050^11008C), but are consistent with the P^T data estimated from the Grt^Sil metapelites and the Grt^Opx^Crd^Spl gneisses. Both rutile and ilmenite are inferred phases in the melt-present Pl^Kfs^Opx^Spr peak assemblage of the pseudosections, but rutile is not observed in the samples. The lack of rutile can be explained by the incorporation of high amounts of Ti in orthopyroxene at peak conditions, which is evidenced by ilmenite platelets exsolved from orthopyroxene during cooling. However, Ti is not included in the available orthopyroxene mixing models. This explains the mismatch between the calculated and observed occurrence of rutile. (3) Peak metamorphism is followed by decompression of 1·5^2 kbar, as documented by the formation of cordierite^spinel symplectites between porphyroblastic sapphirine and orthopyroxene; this indicates entry into the narrow 2Fsp^Opx^Crd^Spl^Rt^Ilm^Liq field at a pressure of 55·7 kbar and still UHT temperatures of 910^9508C. (4) Subsequent regrowth of biotite at the expense of orthopyroxene, sapphirine, and symplectitic cordierite reflects interactions between peak-metamorphic as well as early retrograde mineral assemblages with crystallizing melt during cooling to subsolidus temperatures 59008C. This comparably high solidus temperature must be regarded as a maximum value as pseudosection modelling for this sample was performed with a reduced H 2 O content. (5) The late formation of corundum in the sapphirine granulites is in agreement with continued cooling to T57508C at c. 5 kbar.
U^P B L A-I C P-M S DAT I N G O F Z I RC O N A N D X E N OT I M E A N D T I -I N -Z I RC O N T H E R M O M E T RY U^Pb zircon dating
Two sapphirine granulite samples (i.e. Ro-IV-05-14 and Ro-05-33B) were selected for U^Pb LA-ICP-MS analysis.
In both samples, large, well-rounded zircon grains of 50^100 mm diameter are randomly distributed throughout the feldspar^biotite matrix (Fig. 12a ) or occur as rare tiny inclusions in sapphirine and orthopyroxene. In addition, zircon is especially abundant within the decompressional cordierite^spinel reaction textures replacing porphyroblastic sapphirine and orthopyroxene (Fig. 12b) . CL and BSE images of zircons from all textural settings reveal a complex internal structure for most grains (Fig. 12c^f) . They exhibit corroded cores with an internal fine-scale oscillatory zoning ( Fig. 12c and d) that is interpreted to reflect magmatic zircon growth. In most grains, the oscillatory zoned core is surrounded by a thin rim (525 mm), which is not zoned and occurs apparently randomly relative to the core. These rims, which we interpret as metamorphic overgrowths, are characterized by a slightly higher BSE brightness than the oscillatory zoned cores and display a very weak, homogeneous CL with sharp boundaries against the magmatic zones (Fig. 12c^f) . The textural relationships indicate that the oscillatory zoned zircon cores are older than the rims. Rare internally featureless and anhedral zircon occurs in the cordierite^spinel reaction rims between orthopyroxene and sapphirine as very small (5 15 mm) grains that display a similar homogeneous luminescence to the overgrowth rims on corroded zircon cores. Based on the lack of any zoning and similarity to the metamorphic rims they are interpreted as completely newly grown. Oscillatory zoned zircon cores have variable contents of Y (740^2600 ppm) and Ti (up to 25 ppm; Table 9 ) as well as variable U (130^1800 ppm) and Th/U ratios (0·11^0·90; Fig. 13 ; Table 12 ). The U, Y and Ti contents of the metamorphic zircon rims and small single grains are also variable and partly even higher (U 280^2600 ppm, Y 960^2800 ppm, Ti up to 55 ppm; Tables 9 and 12), whereas their Th/U ratios are, with only three exceptions, very low (0·02^0·19 ; Table 12 ), consistent with their inferred metamorphic growth (Fig. 13) . When compared with the corroded zircon cores, they display stronger enrichment of LREE over HREE (Table 9) .
In sample Ro-05-33B, a total of 45 U^Pb analyses were performed in 25 large oscillatory zoned cores with a beam 8^20 mm in diameter. Forty-two of these analyses have a discordance lower than 5%. Their 207 Pb/ 206 Pb ages range from 1841 AE26 to 1220 AE 40 Ma with a clear cluster between 1495 and 1470 Ma (21 analyses, Fig. 14a ). This distribution strongly suggests a detrital origin for the zircon cores, representing various igneous source rocks. In addition, 20 analyses were acquired with a 8^12 mm beam on narrow metamorphic rims in 12 zircon crystals. Fourteen concordant analyses (discordance 52%) collected on homogeneous metamorphic rims wider than 15 mm, together with four concordant analyses of xenotime (discordance 52%) displaying a similar age range (see below), define a concordia age of 1006 AE 4 Ma (Fig. 14a) .
In sample Ro-IV-05-14, 35 analyses were performed on 21 crystals, comprising 24 analyses of oscillatory zoned cores, eight analyses of metamorphic rims and three analyses of metamorphic zircon grains in cordierite^spinel symplectites that are large enough to be measured. The beam diameter was changed between 8 and 16 mm to remain smaller than the target. The 207 Pb/ 206 Pb ages of the oscillatory zoned cores vary between 1501 AE21 and 1265 AE 54 Ma with a cluster of the concordant data at 1501^1455 Ma (Fig. 14b and Table 12 ). Although younger and/or older core ages are not detected in sample Ro-IV-05-14, a detrital origin of the magmatic cores seems very likely, based on data for the associated sapphirine granulite Ro-05-33B. Metamorphic zircon rims and two newly formed metamorphic zircon grains in Crd^Spl reactions rims around sapphirine yield very similar 207 Pb/ 206 Pb ages of 989 AE 49 to 1064 AE 38 Ma and of 993 AE 23 to 1029 AE 32 Ma, respectively (Table 12 ). Ten concordant analyses (discordance 54%) of metamorphic zircon grains and rims define a concordia age of 1010 AE7 Ma (Fig. 14b) , very similar to that of sample Ro-05-33B (1006 AE 4 Ma) and pointing to metamorphic growth of zircon during regional Sveconorwegian metamorphism M 1 in both samples.
U^Pb xenotime dating
Single grains of xenotime, as well as xenotime intergrown with the zircon margins (U 1210^5950 ppm, Th/U 0·96 ·3), occur in sample Ro-05-33B. They show a strong, homogeneous BSE response and, like the metamorphic zircon rims, define similar Sveconorwegian concordant 207 Pb/ 206 Pb ages of 1001^979 Ma (five analyses).
In contrast, small, BSE-bright anhedral xenotime (520 mm; U 970^3490 ppm, Th/U 0·8^4·2), epitactically grown on the margins of zircon in samples Ro-05-33B and Ro-IV-05-14 (Fig. 12f) , yields younger concordia ages of 933 AE 5 Ma (eight spots) and 928 AE10 Ma (three spots), respectively ( Fig. 14a and b) .
Ti-in-zircon thermometry
Temperatures during metamorphic zircon formation in the sapphirine granulites at c. 1000 Ma were calculated from the titanium concentration in zircon, using the revised Ti-in-zircon thermometer calibration of Ferry & Watson (2007) , based on the original version of the thermometer by Watson et al. (2006) . In their modified Ti-in-zircon thermometer, Ferry & Watson (2007) took into account that Ti could take the place of either Zr or Si in zircon, following reaction (1) ZrSiO 4 þ TiO 2 ¼ ZrTiO 4 þ SiO 2 or (2) SiO 2 þ TiO 2 ¼ TiSiO 4 . Experimental data demonstrate that the Ti content in zircon increases with decreasing a SiO2 and increasing a TiO2 . Following this, the revised thermometer of Ferry & Watson (2007) involves the activities of both TiO 2 and SiO 2 in the rock system. At temperatures of 400^10008C the thermometer returns temperatures with an estimated uncertainty of AE108 or better. Using unconstrained a SiO2 and a TiO2 additional maximum uncertainties are estimated as 60^708C at 7508C.
In the case of the sapphirine granulites of Rogaland, rutile was not identified but minor ilmenite is present instead as Ti-rich phase, suggesting that the activity of titanium is almost equal to unity or only slightly lower in these rocks. Quartz, on the other hand, is absent from our samples, providing evidence for a certain amount of silica undersaturation in the rock system and indicating silica activities !0·5 and 51. Following this, temperatures and spinel in the migmatitic Grt^Opx-Spl^Crd gneisses; (3) formation of spinel^quartz symplectites at the expense of garnet^sillimanite in the migmatitic metapelite; (4) formation of a cordierite corona between spinel and quartz in the migmatitic metapelite; (5) formation of a cordierite corona between garnet, sillimanite, and quartz in the migmatitic metapelite; (6) formation of a plagioclase corona around garnet (GASP reaction) in the migmatitic metapelite. The interpretation of the post-peak path of the samples heavily relies on cordierite-bearing symplectites and corona textures. These textures are traditionally interpreted in terms of decompression (e.g. Harley, 1998) , as also evidenced by the pseudosections of this study. In more recent years, however, it has been demonstrated that cordierite corona structures may also form owing to an increase of the water activity, whereby cordierite becomes stable towards higher pressures (e.g. Harley & Thompson, 2004; Kelsey et al., 2004; Baldwin et al., 2005) . The generally anhydrous peak-metamorphic and early retrograde assemblages of our samples indicate low water activities Fig. 15 . Suggested P^T^t paths (grey, literature; black, this study) of metamorphism in high-grade metamorphic basement rocks intruded by the Rogaland Complex at 920^930 Ma. Regional amphibolite-facies conditions of 6^8 kbar, 600^7008C are suggested for M 1 metamorphism during regional Sveconorwegian metamorphism at c. 1035^970 Ma Tomkins et al., 2005) . Estimates for the maximum temperatures reached during later contact-related metamorphism M 2 within the proposed contact aureole range from 7608C to 49008C at the contact at low pressures of c. 5 kbar (Westphal et al., 2003) . Ages of the metamorphic stages were determined by U^Pb zircon dating (i.e. Mo« ller et al., 2003; Tomkins et al., 2005 ; see text for discussion). Metamorphic zircon growth in sapphirine granulites of this study occurred at 1006 AE 4 Ma following prograde garnet breakdown during heating to T49008C. Sapphirine granulites and related rocks of this study are characterized by subsequent mid-crustal UHT metamorphism (c. 10008C, 7·5 kbar) followed by decompression to P55·5 kbar at 900^10008C. Growth of texturally late xenotime at 933 AE 5 Ma is presumably related to cooling below the solidus and crystallization of leucosome melt during M 3 .
during these stages of the metamorphic evolution. In addition, decompression to P55·5 kbar of these samples is also evidenced by a number of cordierite-free,'dry' reaction textures (i.e. quartz^spinel-and plagioclase-producing reaction textures in the metapelites and garnet^orthopyrox-ene regrowth in Grt^Opx^Crd^Spl gneisses), whose formation is independent of the water activity.
generally515 ppm (except Opx with up to 75 ppm; Table 9 ). Most probably, xenotime formation at c. 930 Ma in these samples is related to leucosome crystallization during cooling below the solidus. Late biotite crystallization in the sapphirine granulites implies introduction of fluid, possibly leading to recrystallization of xenotime by a dissolution^reprecipitation process. In summary, our data indicate that garnet breakdown in the sapphirine granulites during prograde heating to UHTconditions of 49008C was responsible for the formation of metamorphic zircon at 1006 AE 4 Ma during the Sveconorwegian Orogeny M 1 (Fig. 15) . Consequently, the UHT metamorphism at c. 10008C, 7·5 kbar and subsequent decompression to pressures55·5 kbar at still high temperatures documented by our samples is probably related to the same metamorphic event. This interpretation is supported by the coincidence in the clockwise P evolution of our samples and those of Degeling et al. (2001) ; the latter are unaffected by M 2 metamorphism and yield post-M 1 regional decompression ages of 955 AE 8 Ma (Degeling et al., 2001; Tomkins et al., 2005) . Alternative formation of the UHT assemblages in the sapphirine granulites, Grt^OpxĈ rd^Spl gneisses and Grt^Sil metapelites during contact-thermal M 2 metamorphism cannot be definitely excluded, even though we find no petrological evidence for a second UHT overprint of our samples. Subsequent post-decompressional cooling into the amphibolite facies, on the other hand, most probably occurred during M 2 to M 3 , judging from (1) xenotime formation at c. 930 Ma, probably related to leucosome crystallization during cooling, (2) similarities between the cooling-related reaction textures of our samples and those observed by Westphal et al. (2003) in samples from the same area, which have been dated at 908 AE 9 Ma (Mo« ller et al., 2003) , and (3) the coincidence of pressures estimated for cooling of our samples (i.e. c. 5 kbar) and those proposed for the anorthosite^norite-related contact metamorphism M 2 and subsequent cooling M 3 (c. 3^5 kbar; Jansen et al., 1985; Vander Auwera & Longhi, 1994; Westphal, 1998; Westphal et al., 2003) .
Links with regional metamorphic phases
One of the main goals of this study was to link the various stages of the metamorphic evolution of our samples to one or more of the main metamorphic events established for this area; that is: (1) the regional Sveconorwegian metamorphism M 1 bracketed between c. 1035 and 970 Ma; (2) contact metamorphism M 2 related to intrusion of the anorthosite^mangerite^charnockite suite at c. 930 Ma; (3) retrograde metamorphism M 3 associated with progressive re-equilibration of the basement rocks during cooling of the anorthosite^mangerite^charnockite massif. To date there is only limited information on the P^T paths experienced by the basement rocks from both inside and outside the osumilite-in isograd, although P^T estimates have been made for the subsequent metamorphic stages M 1 , M 2 , and M 3 Degeling et al., 2001) , linked with growth episodes of zircon as determined from in situ U^Pb dating (Degeling et al., 2001; Mo« ller et al., 2002 Mo« ller et al., , 2003 Tomkins et al., 2005) .
Based on phase equilibria for texturally early, garnet-bearing, M 1 assemblages in the migmatitic gneisses surrounding the Rogaland Complex, Jansen et al. (1985) concluded that the highest-grade conditions during the regional Sveconorwegian metamorphism M 1 peaked at amphibolite-facies conditions of 600^7008C and 6^8 kbar. Similar conditions were proposed by Degeling et al. (2001) for peak metamorphism and prograde wet partial melting of a migmatitic Grt^Sil metapelite exposed at the Opx-in isograd some c. 25 km from the Rogaland Complex and apparently unaffected by a later prograde overprint during M 2 . In situ U^Pb dating combined with investigation of the trace element composition of metamorphic zircon from this sample link metamorphic zircon growth at 1035 AE 9 Ma with incipient prograde migmatization of the metapelite (Tomkins et al., 2005) . This interpretation is supported by U^Pb dating of metamorphic monazite in a felsic granulite from the same area, yielding ages of 1032 AE5 and 990 AE 8 Ma (Bingen et al., 2008b) . Recent detailed investigation of the peak-metamorphic conditions and P^T paths experienced by the migmatitic Grt^Opx gneisses and Grt^Sil metapelites from the same area demonstrate that regional metamorphism M 1 culminated at significantly higher overall temperatures of 900 AE1008C (Grt^Opx Fe^Mg equilibria, Al-in-Opx thermometry) than those previously proposed, whereas calculated pressures of 6 AE1 kbar (Grt^Opx^Pl^Qtz and GASP equilibria) are comparable (Franke & Dru« ppel, 2007) . Post-peak decompression following the M 1 event and pre-dating anorthosite emplacement is evident from common decompression textures (Degeling et al., 2001; Tomkins et al., 2005) , with conditions of 5·6 kbar, 7108C being estimated for the replacement of the peakmetamorphic garnet^sillimanite assemblage by cordierite (Tomkins et al., 2005) . Zircon formed during this reaction dates the regional decompression at 955 AE 8 Ma (Degeling et al., 2001; Tomkins et al., 2005) , hence pre-dating anorthosite^norite emplacement. Remarkably, similar peak-metamorphic mid-crustal pressures of 7·5 AE 0·5 kbar followed by post-peak decompression by about 2 kbar also characterize the P evolution of the sapphirine granulites and related rocks of this study, whereas the peakmetamorphic temperatures are at least 1308 higher than the granulite-facies Tcalculated for M 1 .
For the subsequent contact metamorphism M 2 induced by the emplacement of the Rogaland Complex thermometry supports UHT peak-metamorphic conditions of c. 9008C, calculated for osumilite-bearing gneisses in the vicinity of the igneous massif and our study area (Westphal, 1998; Westphal et al., 2003) . Low pressures of c. 4^5 kbar are postulated for the emplacement depth of the Rogaland Complex and associated contact metamorphism M 2 based on barometric estimates for garnet^orthopyroxene^plagioclase^sillimanite equilibria in osumilite-bearing gneisses Westphal, 1998; Westphal et al., 2003) and experiments on the stability of osumilite in metapelites (Holland et al., 1996) . Melting experiments on jotunite from the late-stage BjerkreimŜ okndal layered intrusion support these relatively low M 2 pressures of 55 kbar (Vander Auwera & Longhi, 1994) , which are moreover consistent with the regional decompression to c. 5·6 kbar at 7108C postdating M 1 and pre-dating anorthosite emplacement (Degeling et al., 2001; Tomkins et al., 2005) . In situ U^Pb zircon dating of metamorphic zircon grains or rims on inherited cores, overgrown by or intergrown with M 2 minerals such as magnetite, spinel and orthopyroxene, in migmatitic gneisses surrounding the Rogaland Complex yields ages of 927 AE7 Ma, hence directly linking UHT metamorphism with the intrusion of the anorthosite^norite massif (Mo« ller et al., 2002 (Mo« ller et al., , 2003 .
Even though the UHT temperatures of c. 9008C previously proposed for M 2 contact metamorphism are broadly consistent with those constrained for the sapphirine granulites and associated rocks of this study (i.e. c. 10008C), our observed P evolution with mid-crustal UHT metamorphism at c. 7·5 kbar being followed by decompression to P 5·5 kbar is incompatible with the previously proposed upper crustal simple heating^cooling path at c. 5 kbar. The observed discrepancy between our pressure estimates (c. 7·5 kbar) and those proposed by Westphal et al. (2003) for Grt^Opx-bearing gneisses inside the osumilite-in isograd (c. 5 kbar) is probably related to the selection of reference temperatures of only 700^8508C for the pressure calculations of Westphal et al. (2003) . Resetting of the Fe^Mg system of garnet^orthopyroxene pairs used for the temperature calculation of Westphal et al. (2003) is evident from the partially extreme Al 2 O 3 contents of orthopyroxene (up to 9·7 wt %), which is more robust against retrograde exchange and indicates temperatures in excess of 9508C (using Al-in-Opx thermometry for P ! 5 kbar), consistent with our data. Given these higher Testimates as reference temperature, the resulting pressures are shifted to significantly higher, mid-crustal pressure values. Following this, the osumilite isograd could be an M 1 isograd deflected during intrusion of the anorthosite plutons and associated doming of the crust.
A number of subsequent, retrograde, low-temperature, low-pressure reaction textures are observed in the basement rocks in the vicinity of the igneous contacts and are interpreted to overprint the high-grade M 2 assemblages at P^Tconditions of c. 550^7008C, 3^5 kbar during slow cooling of the anorthosite^norite pluton from M 2 to M 3 (Maijer, 1987; Westphal, 1998; Wesphal et al., 2003) . In situ U^Pb dating of zircon overgrown by retrograde mineral assemblages in a migmatitic orthogneiss (i.e. zircon inclusions in coronitic garnet and in garnet^orthopyroxene symplectites replacing orthopyroxene) yields an age of 908 AE 9 Ma (Mo« ller et al., 2003) , supporting this interpretation. The latter reaction textures strongly resemble those observed in our migmatitic Grt^Sil metapelite and GrtÔ px^Crd^Spl gneisses (garnet regrowth around spinel and cordierite, and decomposition of peak-metamorphic high-Al orthopyroxene to low-Al orthopyroxene^garnet symplectites), which occur in our samples at c. 3^5 kbar, 700^8008C and are likewise interpreted to result from continued cooling from UHT conditions into the amphibolite facies.
Geodynamic implications
The sapphirine granulites and associated rocks of this study are exposed at c. 7 km distance from the igneous contact of the Rogaland anorthosite complex, within the proposed contact thermal aureole and next to the osumilite-in isograd. A typical regional metamorphic clockwise P^T path is deduced for the sapphirine granulites and the surrounding Grt^Opx^Crd^Spl gneisses and Grt^Sil metapelites studied here, with peak-UHT metamorphism at 10008C and 7·5 kbar being followed by near-isothermal decompression to 55·5 kbar at still UHT conditions of 900^10008C and subsequent, near-isobaric cooling to T5750^8508C. Syn-metamorphic ductile deformation is common in the sapphirine granulites, marked by an alignment of the peak-metamorphic sapphirine and retrograde biotite in the sapphirine granulites; this runs subparallel to the regional foliation and banding defined by the migmatitic Grt^Opx^Crd^Spl gneisses and Grt^Sil metapelites, as well as the surrounding migmatitic charnockites. Our data demonstrate that temperatures of at least 850^9408C were already reached during the Sveconorwegian Orogeny M 1 at c. 1010 Ma, recorded by zircon grown during prograde garnet breakdown in the sapphirine granulites.
It remains uncertain whether the UHT peak metamorphism at c. 10008C, 7·5 kbar and early UHT decompression to P55·5 kbar at 900^10008C recorded by the samples of the present study document continuous heating to even higher temperatures during M 1 and subsequent pre-M 2 decompression or heating and decompression during contact-thermal M 2 metamorphism. We prefer the first scenario as calculated regional P conditions attained during M 1 (6^8 kbar) and the proposed post-peak decompression are almost identical to those of the sapphirine granulites and associated rocks of this study. After decompression to P55·5 kbar at still UHT conditions of 9001 0008C the sapphirine granulites and associated rocks could have formed the country-rocks for the intruding Rogaland Complex. In this case, elevated temperatures still in excess of 9008C would have hindered the rocks from attaining new low-pressure UHT assemblages during M 2 . Cooling of the samples below the solidus and crystallization of the leucosome, on the other hand, presumably occurred during emplacement and cooling of the anorthosite^norite massif at 930^908 Ma (M 2^M3 ) at low pressures of c. 5 kbar. Alternatively, the mid-crustal peak assemblages of the sapphirine granulites and their host rocks and the post-peak decompression might have formed during M 2 metamorphism, with metamorphic zircon remaining completely unaffected. In that case, the low pressures of c. 5 kbar postulated for the emplacement of the Rogaland Complex and associated contactmetamorphism Vander Auwera & Longhi, 1994; Westphal et al., 2003) require further attention. Our interpretation that the UHT metamorphism recorded by the studied rocks from the vicinity to the Rogaland Complex is related to regional M 1 metamorphism is consistent with the recent finding that ortho-and paragneisses exposed at 425 km distance from the anorthosite complex at the Opx-in isograd, which are hence clearly unaffected by the contact^metamorphic M 2 event at 930^920 Ma, experienced medium-pressure near-UHT conditions at 900 AE1008C, 6 AE1 kbar (Franke & Dru« ppel, 2007) , indicating the widespread occurrence of granulitefacies rocks formed during regional Sveconorwegian metamorphism. Our data suggest that UHT metamorphism in Rogaland is not exclusive to M 2 metamorphism during anorthosite^norite emplacement but already occurred during the regional Sveconorwegian metamorphism M 1 at c. 1010 Ma, reaching temperatures 4850^9408C (presumably c. 10008C). According to Bingen et al. (2006 Bingen et al. ( , 2008c high-grade metamorphism during M 1 is related to the collision between Fennoscandia and an unknown craton, possibly Amazonia, at the end of the Mesoproterozoic, leading to formation of the Sveconorwegian orogen exposed over a total width of c. 500 km. This event was mainly characterized by crustal thickening associated with tectonic imbrication and voluminous syn-collisional granite magmatism at c. 1050 Ma (Bingen et al., 2008a) , consistent with our constrained clockwise P^T paths, documenting granulite-facies metamorphism at midcrustal levels, followed by decompression and cooling. The extreme temperatures in excess of c. 10008C at mid-crustal pressures attained by our samples, however, imply a zone of very high heat flow, which is difficult to explain by a conventional collisional model. Based on numerical modeling, Clark et al. (2011) suggested that crustal thickening to form a wide and long-lived mountain plateau, which at the same time displays high internal concentrations of heat-producing elements to substantially raise the crustal temperatures and low erosion rates, is the most likely geodynamic scenario to reach UHT conditions at mid-crustal levels. Preferential thickening of crust that has previously undergone pre-heating in an extensional back-arc setting or mechanical heating in shear zones, on the other hand, contributes to elevated temperatures, but will not usually lead to ultrahigh temperatures (Clark et al., 2011) . In the Rogaland Sector, a direct heat source, for example voluminous, coeval, mafic plutons, is not observed. Accordingly, a collisional scenario is appealing, consistent with our reconstructed clockwise P^T paths. The whole Rogaland area underwent high-grade regional metamorphism from c. 1035 to 970 Ma (Wielens et al., 1981; Bingen & van Breemen, 1998; Mo« ller et al., 2002 Mo« ller et al., , 2003 Bingen & Stein, 2003; Tomkins et al., 2005; Bingen et al., 2006 Bingen et al., , 2008a Bingen et al., , 2008b ) that peaked in granulite-facies conditions at c. 1010 Ma (Degeling et al., 2001; Mo« ller et al., 2002 Mo« ller et al., , 2003 Tomkins et al., 2005; Bingen et al., 2006 Bingen et al., , 2008b . Investigation of reaction textures combined with geochronology demonstrate that the high-grade lithologies of the Rogaland^Vest Agder Sector resided at high-grade conditions for at least 60 Myr until c. 970 Ma, when decompression commenced (Tomkins et al., 2005; Bingen et al., 2006 Bingen et al., , 2008b . Following this, both the P^T conditions and duration of high-grade metamorphism recorded by the crustal basement of the Rogaland Sector, including our samples, are in agreement with its formation as a collision-related, long-lived, high-grade metamorphic mountain plateau. In this context, the retrograde decompression still at very high temperatures, as recorded by our samples, is finally associated with melting of mafic lower crust giving rise to voluminous anorthosite plutonism at 930^920 Ma; this can be interpreted as gravitational collapse of the mountain plateau.
C O N C L U S I O N S
We have documented a single-phase clockwise P^T evolution for regional MP^UHT granulite-facies MgAl-rich sapphirine granulites and associated paragneisses of the Rogaland Sector (South Norway), which are exposed close to the 930^920 Ma anorthosite^mangerite^charnock-ite suite of the Rogaland Complex. Our data, in combination with U^Pb ages of zircon and xenotime measured in thin sections, provide new insights into the crustal evolution of the Rogaland Sector during latest Mesoproterozoic to early Neoproterozoic times, as follows.
(1) The metasedimentary protoliths of the sapphirine granulites were deposited between 1220 and 1050 Ma and mainly incorporate zircon from early Mesoproterozoic igneous rocks. (2) The rocks record a clockwise P^Tevolution culminating at UHT conditions of c. 10008C at a mid-crustal level (c. 7·5 kbar). Retrograde decompression to pressures of c. 5 kbar, initially at prevailing UHT conditions, was followed by near-isobaric cooling.
(3) In situ U^Pb zircon and xenotime age data combined with Ti-in-zircon thermometry indicate that regional MP^UHT metamorphism occurred during regional Sveconorwegian metamorphism M 1 at c. 1010 Ma, prior to the emplacement of the Rogaland Complex (930^920 Ma). In the sapphirine granulites, the formation of texturally late xenotime is related to the emplacement and cooling of the anorthosite^manger-ite^charnockite suite (M 2^M3 ) at low pressures of c. 5 kbar. (4) The clockwise P^T path of the regional, c. 1010 Ma MP^UHT metamorphism is interpreted to be related to collisional tectonics during the early stages of the Sveconorwegian Orogeny, followed by gravitational collapse of the mountain plateau.
